Uniform active films are highly desirable for electronic applications, but still challenging. This work proposed a convenient and effective approach for the production of uniform oriented PVDF thin films with high content of polar b-phase by blade shear. The obtained films not only had a smooth surface, but also achieved uniform component distribution. The results revealed that PVDF crystals preferentially oriented perpendicular to the shear direction and the largest relatively b-phase content was up to 93% calculated from FTIR. It was also found that an appropriate elevated temperature is helpful to the formation of alltrans b-phase with the aid of shear. The oriented uniform PVDF films showed outstanding switching and piezoelectric properties with a polarization switching voltage as low as 3 V and a relatively small coercive field of $6 MV m
Introduction
Poly(vinylidene uoride) (PVDF), a semicrystalline polymer, has been widely investigated because of its superior pyro-, piezo-, and ferroelectric properties.
1,2 It is well known that PVDF exhibits at least four different crystalline structures, known as a (form II), b (form I), g (form III) and d (form IV) phases. Lovinger presented an excellent summary of the morphology, crystallization, structure and properties of the four PVDF phases. 3, 4 However, not all crystalline phases are electrically active. The commonly nonpolar a-phase with TGTG 0 conformation is more easily obtained, normally resulting from melt crystallized at the temperatures below 160 C. Similarly, the d-phase, a polar version of the a-phase, can be obtained by polarized under a strong electric eld of a-phase lm. The desirable piezoelectric crystallization phase is b-phase, which has all-trans (TTTT) conformation is commonly achieved by biaxial stretching aphase lms, 5-7 electrical poling, 8 ultra-fast cooling, 9,10 or presence of llers. [11] [12] [13] The g-phase has a T 3 GT 3 G 0 conformation between that of a and b phases.
14-16
Since the b-phase has the best electrically active properties, allowing possible commercially applications in the areas of sensors, 17 actuators, 18 energy harvesting materials, 19, 20 and biomedical eld. 21 A variety of additional processes have been established to fabricate the b-phase in PVDF. The most common way of triggering the transformation from a to b is mechanical stretching, which transits original spherulitic structure into crystal array. However, this method results the PDVF lm in roughness surface and weak leakage properties. 22, 23 The solution control method was also used to obtain bphase of PVDF, but the micropores formed during the solution evaporation and roughness hampered its applications. 24, 25 The application of electric eld on both sides of PVDF lm can also promote a higher spontaneous polarization for the b-phase, but a strong electric eld is required. 26, 27 The PVDF/CNTs nanocomposites have the potential to be the smart materials, not only because of the piezoelectric properties of b-phase, but also the conducting properties of CNTs.
12, 28 The extreme nanoconnement into the pores of anodic alumina membrane (AAM) can induce preferential orientation of the crystalline domains of b-phase. Whereas the piezoelectric properties cannot usually be detected accurately because of the existence of the AAM template, removing the template to obtain nanowires is necessary. 29, 30 Recently, the Langmuir-Blodgett (LB) technique was used to obtain PVDF nanolms containing the bphase content up to 95%. 31, 32 It was claimed that hydrogen bonding between PVDF and water contributes to the formation of b-phase and the dipole orientation. However, production of oriented PVDF lms with high content of b-phase without using external agent and sophisticated process is a challenging. not only had a smooth surface, but also achieved uniform component distribution. From this point of view, an investigation of facile method to obtain b-phase with more content and superior ferroelectric and piezoelectric performance of PVDF was worthwhile.
In this paper, we demonstrate an efficient method to produce oriented uniform PVDF thin lm with high content of polar b-phase by blade shear. We systematically investigated the structure, morphology, and ferro-and piezoelectrical properties of the sheared PVDF lms. Different crystallization behaviours of sheared and unsheared PVDF were compared by polarizing optical microscope (POM) and atomic force microscopy (AFM). Signicantly, to prove the formation of different polymorphisms, we performed wide-angle X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR) and microRaman spectroscopy. Piezoelectric and ferroelectronic properties related to the molecular packing were investigated by piezoresponse force microscopy (PFM) and standard ferroelectric testing system, respectively.
Experimental section

Materials
The poly(vinylidene uoride) (PVDF, average M w z 6 Â 10 5 g mol À1 , and melting temperature of 168 C) used in this experiment was purchased from Sigma Aldrich (USA). N,N-Dimethyl formamide (DMF, pure grade) was purchased from Fisher Scientic. Razor blades were purchased from the local store.
Preparation of PVDF lms
The initial concentration of the solution was 5 wt% with 0.2 g of PVDF for 4 mL of dimethyl formamide (DMF). The lm was fabricated by spreading the solution onto clean glass substrates. The lms were carried out at 90 C for 60 min for sufficient solvent evaporation. Aer that, the lm was heated at 220 C for 5 min to erase possible effects of thermal history and subsequently moved to a preheated hot stage at the desired temperature, such as 152, 156, 158 and 160 C, where the shear was applied to the supercooled molten PVDF lm. A lower temperature, e.g. lower than 150 C, results a fast crystallization of PVDF lms and hampers the shear process. A higher temperature, e.g. 165 C, near the melting point, could make molecular chains have high mobility and relax the applied shear force shortly. The blade gave rise to slow linear displacement with the velocity of 2.0 mm s À1 , not only to have uniform mechanical eld but also to avoid possible frictional damage of the lm. All shearing experiments were done within 5 s and the maximum displacement was about 10 mm. Aer cessation of shear, PVDF samples were isothermal crystallization at T c ¼ T shear for 18 hours.
Characterizations
A Nikon Polarization Microscope (Nikon ECLIPSE 50i POL, Japan) was used for optical microscope observation. The optical structure micrographs presented in this study were all taken under cross-polarized light. To experimentally demonstrate the crystalline structures, PVDF lms were measured at room temperature by X-ray diffraction (XRD) (Bruker D8 Discover with Ni-ltered Cu Ka radiation), Fourier-transform infrared spectroscopy (FTIR) (Bruker Equinox 55 in absorption mode) and micro-Raman spectroscopy (Renishaw inVia). The microstructural orientation of samples was characterized by a semi-contact mode atomic force microscope (AFM) (NT-MDT, Russia). The piezoelectric response was obtained using a cantilever with Au conductive coated tip in piezoresponse force microscope (PFM) (NT-MDT, Russia). The polarization-electric eld (P-E) hysteresis loops of samples were measured using a standard ferroelectric testing system (Radiant Technologies, RT66A) connected to a high-voltage interface.
Results and discussion
Morphologies of sheared and unsheared regions in the PVDF lm were investigated by polarized optical microscopy (POM). For direct comparison, an optical micrograph of the PVDF lm sheared at 158 C was chosen as a representative. As shown in The shear direction is perpendicular to the boundary line as indicated by the arrow. It is clear that the sheared region presents very strong refringence and no PVDF spherulites can be observed in this region. This implied that the shear gives rise to very strong nucleation ability of PVDF, resulting in the formation of abundant micro-crystallites, which cannot be resolved by the optical microscope. But away from the sheared region, the typical birefringent spherulites ascribed to the a-crystal can be observed. At higher magnications, the banding pattern of concentric rings from twisting lamellae can be recognized (not shown here). Except for the above two crystal forms, the third crystal form named column crystal can be observed at the interface of shear, which is resulted from the intense heterogeneous nucleation of polymer at the interface. 34, 35 Interestingly, distinctive extinction phenomena were observed in the sheared region when the sample was rotated about the light beam. As an example, Fig. 1b shows an optical micrograph taken from the same region with Fig. 1a with a 45 clockwise rotation about the beam axis. The original strong refringent region becomes light extinction, while the characteristic of the unsheared region remained all the time. The observation clearly demonstrated the crystal orientation of the sheared region. Moreover, the blade shear induces not only orientation of crystals but also smooth surface. As shown in the magnication of the sheared region (Fig. 1c) , the morphology presents a relatively smooth surface. To better verify the smoothness of the surface, the root-mean-square roughness (RMS) of around 5.6 nm was achieved by tapping-mode atomic force microscopy (AFM) (Fig. 1d) . The uniformity, including morphology and component, is important in a practical scenario. The morphological uniformity of sheared lm was proved by POM and AFM ( Fig. 1c and d) . In order to verify the uniformity of component, Raman mapping of the I b , the intensity of characteristic Raman shi of b-phase, over the sheared region was performed. As shown in Fig. 1e , it was clear that the color of the mapping is relatively uniform, indicating the uniform b-phase contribution in the lms (detailed Raman characterization will be discussed in the later part). These results veried that the blade shear produced high quality lms with smooth surface and uniform component distribution.
To further demonstration of the orientation of sheared lm, the microstructure of a PVDF lm sheared at 158 C and an unsheared lm isothermal crystallization at the same temperature were investigated by AFM. It was found that the edge-on lamellae were well perpendicular to the shear direction (indicated by the arrow) in the sheared lm, as shown in Fig. 2a . On the contrary, the lm isothermal crystallization without shear process predominantly exhibits the typical banding spherulitic morphology with the mixture of at-on and edge-on structures, as illustrated in Fig. 2b , which is the part of a spherulite. In addition, crystal size in sheared region was much smaller than spherulite, which indicates that the shear gives rise to very strong nucleation, resulting in the formation of abundant micro-crystallites. The shear caused the formation of well oriented microstructure. In other words, the lamellae were randomly distributed along the direction of crystal growth in the unsheared sample, while the shear induced the molecular chains preferable orientation along the shear direction and formed oriented crystallines. In order to demonstrate the predominant crystalline phase of sheared samples at different temperatures, X-ray diffraction, FTIR and Raman spectroscopy were performed. Fig. 3a showed the XRD patterns of the PVDF lms were sheared and subsequently crystallized at four different temperatures, 152 C, 156 C, 158 C and 160 C. The unsheared lm isothermal crystallization at 158 C was chosen as a representative. It was clearly shown that only the 17.6, 18.3, 19.9, and 26.5 diffraction peaks attributed to a-phase can be distinguished for unsheared sample, which suggests that only the a-phase can be produced by melt-crystallization without shearing at the temperature below 160 C. However, when the shear was imposed on the PVDF lms, except for the aforementioned diffractions, the sheared lms showed a new peak at 20.56 , which is assigned to the b-phase and is attributed to the overlapping of (110) and (200) diffractions. Moreover, the relative intensity of peak at 20.56 gradually increased with the shear temperature. 36 To quantitatively evaluate the crystalline and b-phase content at different conducting conditions, the degree of crystallinity (X c ) and the phase content of b (X b ) were calculated using the following equations: where A a , A b , and A amorphous indicate the area of the peaks corresponding to the crystalline a, b-phase, and the amorphous fraction, respectively. X b is the content of b-phase. As shown in Fig. 3b, results demonstrated that the content of b-phase depends on the shear temperature. In other words, the shear at proper higher temperature is helpful to the generation of b-phase, while effectively suppressing the a-phase. The use of FTIR and Raman spectroscopy for material characterization is important because it provides fast, simple, qualitative and quantitative analysis. The FTIR spectra of sheared and unsheared lms were presented in Fig. 3c . For the unsheared sample, the characteristic peaks at 610, 765, 796, 855, and 976 cm À1 ascribed to a-phase were clearly detected, 39 which is in agreement with previous results. However, it is not surprising that relatively strong absorption peaks at 510, 840, and 1279 cm À1 assigned to b-phase were observed in the sheared lms. The result also indicates that the blade shear is helpful to induce the formation of b-phase. Fig. 3d shows Raman spectra of the sheared and unsheared samples. It is evident that only aphase exists in the unsheared lm, because only the characteristic peaks at 284, 535, 610, and 795 cm À1 attributed to the aphase can be found. 40 However, the characteristic peaks of the bphase appear at 263, 510, and 839 cm À1 were clearly seen in the sheared lms at 152 C, 156 C, 158 C and 160 C, which indicates that the blade shear induces the formation of b-phase even at a temperature lower than 160 C. The Raman observations agree well with the results of XRD and FTIR. As shown in XRD, FTIR and Raman measurements, the relative intensity of the b-phase characteristic peaks gradually increased with the temperature, while the intensity of the aphase gradually decreased. In order to quantify the b-phase content presented in each sample, quantitative FTIR analysis was utilized. Assuming that FTIR absorption follows the Lambert-Beer law, the fraction of the b-phase was calculated using following equation:
here, A a and A b is the absorbance at 765 and 840 cm À1 , respectively. K a (6.1 Â 10 4 cm 2 mol À1 ) and K b (7.7 Â 10 4 cm 2 mol À1 ) is the absorption coefficient at the respective wavenumber. To obtain more quantitative information, the b-phase content was also evaluated from the Raman intensity ratio I b /I a (I b , I a is the intensity of Raman shi of b-phase and a-phase, respectively) according to the following equation:
The results obtained from the different samples were presented in Fig. 3e . It can be found that the b-phase content, representing by F(b) and the intensity ratio I b /I a , increases remarkably with the shearing temperature at blow 156 C, and gradually reaches a plateau aer that. The relatively high content of b-phase up to 93% was obtained. It was well documented that the shear force induces orientation of polymer chains. In the present case, higher temperature prefers to induce all-trans conformation (b-phase) with the existing of a shear eld. The piezoelectric properties of the sheared samples were also examined by piezoelectric force microscopy (PFM) with an additional voltage amplier, as shown in Fig. 4 . For this measurement, the PVDF lms sheared on cleaned ITO coated glass substrate were loaded on a conducting sample holder that is directly connected to the ground of the high voltage amplier. A conducting AFM cantilever with a Pt coated tip was brought in contact with the lms. The response of PVDF lms was measured by the reection of a laser beam from the cantilever as like the regular atomic force microscope (AFM). Fig. 4a shows the evident piezoresponse phase-voltage hysteresis loops for the samples of sheared and unsheared isothermal crystallization at 158 C. No obvious hysteresis loop was observed for unsheared sample indicating its nonpolar property. The evident hysteresis loop represents the existence of a switchable polarization of the sheared lm. When the DC voltage was reversed from À10 V to +10 V, the change in the phase signal was 180 .
The DC voltage of abrupt phase change for the sheared lm was about 3 V. It can be estimated the apparent coercive eld of 500 nm-thick sheared lm was about 6 MV m À1 . The value is comparable to that of the optimized ordered P(VDF-TrFE) lm ($10 MV m À1 ) 43 and much smaller than that of the corresponding bulk PVDF and P(VDF-TrFE) (50-100 MV m
À1
). 44, 45 It is reasonable to speculate that the small apparent coercive eld of the sheared sample is attributed to the high polar b-phase crystallinity and the orientation of b-phase crystalline.
46,47 The amplitude signal is directly related to the strain of the microscopic region under the tip. Fig. 4b shows the amplitudevoltage buttery loop. The sudden change of the strain happens at DC voltages of À1.7 V and +0.47 V, respectively. In other words, this electric eld is sufficient to polarization switching. The shi of the center of the hysteresis loops from 0 V indicates the possible existence of a built-in eld inside the sheared lms. 48 With decrease of voltage, the amplitude decreases due to contraction of the sheared lm. Thus, the amplitude-voltage curve is linear at low and moderate voltage, which also indicates converse piezoelectric effect in the sheared lms. The piezoelectric results suggest that the energy cost for electrically polarization switching decreased, and the lower polarization switching voltage was well suited for integrated driving electronics.
A short pulse train was required to obtain ferroelectricity. Here, a forming time of one second at a frequency of 100 Hz was sufficient to obtain a well saturated hysteresis loop for the sheared lm. Gold was used as the upper and lower electrodes. The upper electrode was approximately 300 mm 2 . Fig. 5a shows the ferroelectric hysteresis loops of the sheared lms. The unsheared PVDF lm did not show P-E hysteresis loop when the electric eld was applied due to the a-phase exhibit no polarization and the chains were packed with the dipoles in the opposite direction in the unit cell. On the contrary, well saturated hysteresis loops were observed for the sheared lms crystallized at different temperatures. The remnant polarization (P r ) was 4.05, 4.34, 5.02, 6.44 mC cm À2 , respectively, with the increase of sheared temperature from 152 C to 160 C (Fig. 5b) .
The gradual increase of P r is caused by the crystallinity enhancement of polar b-phase with increasing of sheared temperature. 49, 50 For all sheared samples, the coercive eld (E c ) was around 5 to 6.5 MV m À1 , which is consistent with the PFM result and is much lower than the value of the bulk samples.
44
This effect was associated with the formation of the high content of polar b-phase as well as the preferential orientation of the crystalline due to the shearing of the blade. The shape of the hysteresis loops was not signicantly altered, demonstrating similar switching behaviours for all the samples sheared at different temperatures.
Conclusions
We reported a convenient and effective approach for the production of dominantly b-PVDF lm. This ferroelectric lm was made from the blade shear under different processing temperatures. The morphological results showed that the chain orientation is along the shear direction and crystalline lamellae are oriented perpendicular to the shear direction. Through varying the shear temperature, a different content of the desired polar b-phase was obtained. XRD, FTIR and Raman results revealed that the b-phase was the dominant phase in the sheared lm and the content increased with the shear temperature, which suggested that an appropriate high temperature was helpful to the movement of the molecular chain and thus to the formation of all-trans b-phase with the aid of shearing. Maximum relative b phase content was achieved when the shearing temperature was 160 C. The resulted lms exhibited outstanding piezo-and ferroelectronic properties with the coercive eld (E c ) was $6 MV m À1 and the polarization witching voltage was as low as 3 V. The obtained results suggested that the proposed method show promise application for ferroelectric polymers in future organic electronic industry. 
